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(57) Abstract 

A system for monitoring an electroencephalogram of a patient during administration of transcranial magnetic stimulation including a 
transcranial magnetic stimulation (TMS) system, an electroencephalogram (EEG) monitoring system, and a control system, coupled between 
the EEG system and the TMS system, that responds to signals provided by the EEG system and controls the TMS system wherein timing 
of operation of the TMS system does not need to be synchronized to timing of operation of the EEG system. A conductive plastic electrode 
system for use with the EEG monitoring system is also provided. 
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METHOD AND APPARATUS FOR RECORDING AN ELECTROENCEPHALOGRAM 
DURING TRANSCRA NIAL MAGNETIC STIMULATION 

Background of the Invention 

5 

1 ■ Field of the InventioTi 

The present invention relates to medical diagnostic and treatment methods and apparatus. 

2. Discussion of thg Related Art 

10 An electroencephalogram (EEG) is a record of specific brain wave patterns in a patient. 

EEG systems permit the recording of the brain wave patterns. An EEG system typically includes 
a plurality of conductive electrodes that are placed on a patient's scalp. These electrodes are 
typically metal and are connected to a preamplifier that processes the signals detected by the 
electrodes and provides amplified signals to an EEG machine. The EEG machine contains 

15 hardware and software that interprets the signals to provide a visual display of the brain wave 
activity detected by the electrodes. This brain wave activity is typically displayed on a strip chart 
recorder or computer monitor. 

• Transcranial magnetic stimulation (TMS) is a technique for stimulating the human brain 
non-invasively. TMS uses the principle of inductance to get electrical energy across the scalp and 

20 skull without the pain of direct percutaneous electrical stimulation. It involves placing a coil of 
wire on the scalp and passing a powerfiil and rapidly changing current through it. This produces 
a magnetic field which passes unimpeded and relatively painlessly through the tissues of the head. 
The peak strength of the magnetic field is related to the magnitude of the current and the number 
of turns of wire in the coil. This magnetic field, in turn, induces a much weaker electrical current 

25 in the brain. The strength of the induced current is a fiinction of the rate of change of the magnetic 
field, which is determined by the rate of change of the current in the coil. In order to induce enough 
current to depolarize neurons in the brain, the current passed through the stimulating coil must start 
and stop or reverse its direction within a few hundred microseconds. 

TMS is currently used in several different forms. In a first form, called single-pulse TMS, 

30 a single pulse of magnetic energy is delivered from the coil to the patient. Repetitive TMS or 
rTMS, refers to the delivery of a train of pulses delivered over a particular time period. An 
example of rTMS could be a train of pulses having a 10 Hz repetition rate that lasts for 
approximately 8 to 10 seconds. In a typical application, this train of pulses is repeated every 30 
seconds for up to 20 or 30 minutes. 
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In order to monitor the safety and efficacy of a TMS application, it would be desirable to 
monitor a patient's EEG during a TMS session. However, monitoring a patient's EEG during a 
TMS pulse presents problems because at least the preamplifiers used in current EEG systems 
experience saturation caused by the magnetic field generated by the TMS system. Since the 
5 electrodes used to monitor the EEG are typically in close proximity to the TMS coil, the magnetic 
pulse induces a signal in one or more of the EEG electrodes which causes the EEG preamplifiers 
to saturate. Typical preamplifiers used in EEG systems take a relatively long time to recover after 
being saturated by a TMS pulse. 

One currently available EEG system has preamplifiers that recover, i.e., return to normal 

10 operation, after 1 50 milliseconds after the TMS pulse has ended. This presents a problem since, 
in a typical TMS pulse train, the time interval between pulses is approximately 100 milliseconds. 
If the amplifiers come out of saturation after 150 milliseconds, the next TMS pulse has already 
resaturated the amplifier and therefore it is simply not possible to record or observe the EEG during 
a typical TMS pulse train. 

1 5 Another system for monitoring EEG during TMS includes amplifiers in the EEG system 

that use a sample-and-hold circuit to pin the amplifier to a constant level during the TMS pulse. 
The amplifiers are said to recover within 100 microseconds after the end of the TMS pulse. 
Although this system appears to allow monitoring of the EEG within a short time after the end of 
a TMS pulse, additional gating and synchronizing circuitry is necessary to control the operation of 

20 the EEG amplifiers with respect to the TMS system. Additional gating and sampling circuitry is 
undesirable because it requires additional circuitry and because it can be compHcated. 

An additional complication that occurs when a patient's EEG is monitored during TMS 
occurs because of the use of metal electrodes to sense EEG signals. Large eddy currents induced 
by the TMS pulse or pulses in the metal electrodes can cause localized heating that may result in 

25 bums to a patient's scalp. This presents a safety hazard. 

Therefore, it would be desirable to provide a system that allows a patient's EEG to be 
monitored during a TMS pulse that overcomes at least these problems. 

Summary of the Invention 

30 In broad terms, one aspect of the present invention provides a method and apparatus for 

monitoring a patient's EEG during TMS that does not require a time synchronization of the 
operation of the TMS device and the EEG system. 
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This aspect of the invention is provided by a system for monitoring an 
electroencephalogram of a patient during administration of transcranial magnetic stimulation, 
including a transcranial magnetic stimulation (TMS) device and an electroencephalogram (EEG) 
monitoring system. The system also includes a control system, coupled between the EEG system 
5 and the TMS device, that responds to signals provided by the EEG system and controls the TMS 
device, wherein timing of operation of the TMS device does not need to be synchronized to timing 
of operation of the EEG system. 

In accordance with another aspect of the invention, an electrode system that may be used 
to detect EEG signals that does not experience heating as a result of the TMS pulse so as to avoid 
10 burning a patient's scalp is provided. The electrode system includes an electrically conductive 
plastic electrode, a wire molded into a surface of the conductive plastic electrode, and a coating of 
conductive epoxy disposed on the surface of the conductive plastic electrode. 

Brief Description of the Drawing s 

15 In the drawings, which are incorporated herein by reference and in which like elements have 

been given like reference characters, 

FIG. 1 is an overall schematic block diagram of the system of the present invention; 

FIG. 2A is a block diagram of an amplifier that may be used in the EEG system illustrated 
in FIG. 1; 

20 FIG. 2B is a more detailed schematic diagram of one embodiment of the amplifier 

illustrated in FIG. 2A; 

FIG. 2C is a more detailed schematic diagram of another embodiment of the amplifier 
illustrated in FIG. 2A; 

FIG. 3A is a plan view of an EEG electrode system in accordance with the present 
25 invention; and 

FIG. 3B is a cross-sectional view of the electrode system illustrated in FIG. 3A. 
Detailed Description 

Reference is now made to FIG. 1, which figure illustrates an overall block diagram of the 
30 present invention. The invention includes an EEG system 21, a TMS system 27, and a control 
system 32 coupled between EEG system 21 and TMS system 27. As will be explained, control 
system 32 responds to EEG signals provided by EEG system 21 and controls TMS system 27. 
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EEG system 21 and TMS system 27 may be of any number of commercially available systems. 

A patient 12 has a number of electrodes 14a, 14b, ... 14n attached to his or her scalp in a 
conventional manner. Electrodes 14a-14n are used to sense brain activity to provide an EEG. The 
electrical brain activity sensed by electrodes 14a-14n is converted into an electrical signal that is 
5 transmitted over wires 16a, 16b, ... 16n to preamplifier 18. The electrodes 14a-14n may be located 
on the patient's scalp in accordance with the international 1 0-20 system. In one embodiment of the 
invention, preamplifier 18 has 18 channels and 18 electrodes are used. However, one skilled in the 
art will appreciate that amplifier 18 can be provided with additional charmels and additional 
electrodes can be provided. Preamplifier 1 8 is constructed and arranged to be small and lightweight 

1 0 and may be located so that it lies at the nape of the neck. As will be explained in more detail 
hereinafter, preamplifier 1 8 is constructed so that it is small and provides a relatively high gain 
close to the electrodes with a limited bandpass and relatively high common mode rejection ratio. 
Preamplifier 1 8 may use surface mount components. As wall be explained in detail hereinafter, the 
use of this type of amplifier construction makes preamplifier 18 less susceptible to magnetically- 

1 5 induced artifacts caused by TMS pulses. 

The output of preamplifier 18 is carried by conductor 20 to EEG control unit 22. EEG 
control unit 22 has appropriate processing circuitry for processing the signal received on conductor 
20 to provide a visual indication or record of brain wave activity. A strip chart recorder 24 may 
also be provided to provide a paper record of the electroencephalogram. 

20 A transcranial magnetic stimulation system 27 is also provided in the system. TMS system 

27 includes a coil 28 coupled to TMS control unit 26 via conductor 30. TMS control unit 26 
provides a high current short time duration signal to coil 28 via conductor 30 that causes coil 30 
to generate a large magnetic pulse. If a series of current pulses are provided, then coil 28 will 
generate a series of magnetic pulses. Typically, coil 28 is held in close proximity to the patient's 

25 head in a region where magnetic stimulation is desired. 

A control system 32 is provided between EEG system 21 and TMS system 27. As will be 
explained in more detail hereinafter, control system 32 receives the EEG signals provided by EEG 
system 21 on conductor 34 and uses those signals, either automatically or under control of an 
operator, to control TMS system 27 via conductor 36. 

30 Control system 32 may include a computer 38 having a keyboard 40, a display 42, and a 

mass storage device 44 connected thereto. Display 42 can be, for example, a cathode ray tube or 
flat panel LCD display. Meiss storage device 44 can be any kind of magnetic or optical medium 
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mass storage device such as a disk drive or a tape drive. Mass storage device 44 may be used for 
storing programs to be executed by computer 38 and EEG information provided by EEG system 
21 as well as TMS information provided by TMS system 27. 

The overall function of control system 32 is to monitor the EEG signals provided on cable 
5 34 and to control TMS system 27 in response to these signals. 

Control system 32 provides, in one embodiment, a safety shutdown control. One problem 
that may occur with TMS, particularly repetitive TMS, is that the magnetic pulses can cause seizure 
activity in the brain of the patient undergoing the TMS treatment. In some cases, the patient can 
actually go into a fiill body seizure. To avoid a seizure, control system 32 is used to monitor the 

1 0 EEG signals on conductor 34 and to turn off TMS system 27 via conductor 36 by providing an off 
control signal if seizure activity is detected. Seizure activity can be detected in several ways. In 
one mode of operation, an operator can view the EEG results on display 42 and if the operator 
detects changes in the EEG morphology exhibiting recruitment or the onset of a seizure discharge, 
the operator can activate a "stop" button, for example, in control system 32 to shut off TMS system 

1 5 27 before the seizure actually occurs. In another embodiment, the EEG signal can be analyzed by 
a spectral analysis program or a template matching program running on computer 38. Once again, 
if the operator notices abnormal activity, control system 32 can he used to shut down TMS .system 
27 before a seizure results. In another embodiment, conventionally available computer software 
that automatically detects the onset of seizures using specified criteria can be used automatically 

20 in a control program miming on computer 38 or in conjunction with the operator to shut off TMS 
system 27. Such seizure detection software is available from, for example, Stellate, Inc. 

In accordance with another aspect of the invention, control system 32 can be used to 
recognize when the brain has been placed in a desired state as a result of the TMS procedure or can 
be used to recognize when the brain has been removed from an undesired state by the TMS 

25 procediore. For example, TMS has been foxmd to be usefiil in the treatment of schizophrenia and 
depression. In these disorders, the EEG of the patient exhibits particular abnormal characteristics 
that can be seen in the patient's EEG. Using the present invention, the patient's EEG can be 
monitored while TMS is being applied and when the patient's EEG no longer contains these 
abnormal characteristics, the procedure may be stopped. Thtis, the present invention allows an 

30 operator to determine if and when a TMS procedure has been successfiil. 

Alternatively, the present invention can be used to determine when a patient's EEG and 
resulting brain activity has reached a desired state. For example, if a normal EEG is the target for 
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a particular patient, then the present invention may be used to monitor the patient's EEG as the 
TMS is applied and this may be used to determine when the patient's EEG has reached the normal 
or desired state. The operator can stop the TMS procedure when the patient's EEG is in the desired 
state. 

5 In accordance with another aspect of the invention, the parameters of the TMS procedure 

can be adjusted depending upon the induced EEG that is displayed on display 42. For example, 
the strength of the magnetic field being applied, the frequency of the magnetic pulses, and the 
location of the TMS coil on the patient's head can be adjusted in response to the changes induced 
in the EEG as a resuh of a TMS procedure. The placement of TMS coil 28 can be adjusted by an 
10 operator holding the coil or, alternatively, robotic arm 35 can be used to hold TMS coil 28 on the 
patient's head. The operator, using control system 32, provides a signal on cable 36 to TMS 
control unit 26. TMS control unit 26 provides a signal on cable 31 to robotic arm control unit 33 
that then moves robotic arm 35 so as to position TMS coil 28 at different locations on the patient's 
head. 

15 Reference is now made to FIG. 2 A which figure illustrates a general embodiment of 

preamplifier 18 illustrated in FIG. 1. Preamplifier 18 includes a number of differential amplifiers 
50a-50n with one differential amplifier provided for each electrode 14a-14n. The outputs 52a-52n 
are provided to a multiplexer 54. In response to control signals generated by EEG control unit 22, 
multiplexer 54 selects a particular output channel whose signal is then sent to EEG control unit 22 

20 and on to control system 32. 

As noted previously, differential amplifiers used in conventional EEG systems satijorate 
upon exposure to the magnetic field generated by TMS coil 28. We have noted experimentally that 
the differential amplifiers corresponding to channels whose electrodes are closest to the source of 
the TMS pulse tend to become most saturated and tend to take the longest time to recover. 

25 FIG. 2B illustrates one specific example of a preamplifier that does not suffer from these 

drawbacks. Preamplifier 18a illustrated in FIG. 2B includes a number of differential amplifiers 
56a-56n having outputs 58a-58n coupled to a multiplexer 60. Amplifier 62 used in preamplifier 
1 8a may be a model number LT1079 amplifier available fi-om Linear Technology. Multiplexer 60 
may be a model number C04051 available from RCA or Motorola. In a preferred embodiment, 

30 these components are surface mount-type components. 

When configured as illustrated in FIG. 2B, preamplifier 1 8a has IMQ input impedance, a 
common mode rejection ratio of 80 db, a gain of 2,200, a bandpass of 0.5 Hz to 70 Hz, and a noise 
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level of 2-3 microvolts peak to peak. Multiplexer 60 may be clocked so as to operate at a sample 
rate of approximately 200 samples per second per chaimel. As noted before, one embodiment of 
the invention uses an 18-channel preamplifier so that the output of preamplifier 18a is an 18- 
channel analog multiplexed signal. A synchronization signal may be provided that permits 

5 identification of channel number 1 . We have also found that locating preamplifier 18a so that it 
connects directly into the electrode harness provides improved performance. 

When system 10 illustrated in FIG. 1 is used in conjunction with preamplifier 1 8a illustrated 
in FIG. 2B, the preamplifier does saturate upon apphcation of a TMS pulse. However, preamplifier 
1 8a is able to return to normal operation within no more than 20 milliseconds after the TMS pulse 

1 0 has been terminated. In a typical TMS procedure having a 1 0 Hz repetition rate, the time between 
TMS pulses is on the order of 100 milliseconds. Thus, the amplifier is able to come out of 
saturation and return to normal operation in no more than 20 milliseconds after cessation of the 
TMS pulse, thus providing at least 80 milliseconds of EEG data before a subsequent TMS pulse. 
Thus, the system of FIGS. 1 and 2B is able to provide a substantially complete EEG during a TMS 

1 5 procedure except for a relatively small time period during the application of the TMS pulse. It 
should be noted that this advantage is achieved without the need for any additional synchronization 
or timing control between the application of the TMS pulse and the operation of the REG system. 
Thus, the present invention, in all embodiments, is advantageous because during a TMS procedure, 
the EEG system can simply be left on and the TMS pulses can be applied in any random manner. 

20 Reference is now made to FIG. 2C, which figure illustrates another embodiment of 

preamplifier 1 8. In preamplifier 1 8b, amplifier 74 may be a model number INAl 26 available firom 
Burr Brown. Multiplexer 78 may be a MAX4051 available firom Maxim. As with other 
embodiments of preamplifier 18, the use of surface mount technology enhances performance. 
When configured as illustrated in FIG. 2C, preamplifier 18b has an input impedance of IMQ, 

25 common mode rejection ratio of 90 db, a gain of 1,000, a bandpass of 0.5 Hz to 900 Hz, and a noise 
level of 0.7 microvolts peak to peak. In the same manner as preamplifier 1 8a, multiplexer 78 can 
be clocked to provide 200 samples per second per channel and can provide a synchronization signal 
that permits identification of channel number 1. 

Reference is now made to FIG. 3, which figure illustrates one embodiment of electrode 14. 

30 As noted previously, the use of metal electrodes for detecting brain wave activity during TMS 
treatments is undesirable, since the eddy currents induced in the metal electrodes by the TMS 
pulses can cause burning of the patient's scalp due to heating of the electrodes. To overcome this 
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problem, electrode system 14 uses a conductive plastic electrode cup 80 available from, for 
example, Plastic One. A hole 82 is provided in the side of electrode 80 to permit a tinseled Teflon 
insulated electrode wire (for example, standard Grass electrode wire) to be inserted. The end of 
the wire is stripped and tiimed and this end is molded into the internal surface 84 in region 86 of 
5 electrode 80. To reduce the impedance so that electrode system 14 is equivalent to the impedance 
of a typical metal electrode, a coat of conductive epoxy such as silver epoxy available from Circuit 
Works, model CW2400, is provided on the internal surface 84 of electrode 80. Preferably, this 
conductive epoxy is applied over the entire internal surface 84 of electrode 80. 

The other end of wire 16 is collected together with wires from other electrodes and 

1 0 coimected to preamplifier 1 8. 

Elecfrode system 14 thus provides the same performance as conventional metal electrodes 
but, since it is non-metallic, significantly reduces any risk of bums to the patient due to heating of 
the electrode. This can allow the present invention to use longer TMS pulses and longer pulse 
trains than in conventional TMS procedures. 

15 Having thus described at least one illusfrative embodiment of the invention, various 

alterations, modifications and improvements will readily occur to those skilled in the art. Such 
alterations, modifications and improvements are intended to be within the spirit and scope of the 
invention. Accordingly, the foregoing description is by way of example only and is not intended 
as limiting. The invention is limited only as defined in the following claims and the equivalents 

20 thereto. 

What is claimed is: 
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CLAIMS 

1 . A system for monitoring an electroencephalogram of a patient during administration 
of transcranial magnetic stimulation, comprising: 

a transcranial magnetic stimulation (TMS) system; 
an electroencephalogram (EEG) monitoring system; 

a control system, coupled between the EEG system and the TMS system, that responds to 
signals provided by the EEG system and controls the TMS system, 

wherein timing of operation of the TMS system does not need to be synchronized to timing 
of operation of the EEG system. 

2. The system of claim 1, wherein the control system monitors the signals provided 
by the EEG system during operation of the TMS system and stops operation of the TMS system 
if the EEG signals are in an undesirable state. 

3 . The system of claim 2, wherein the control system automatically monitors the EEG 
signals and controls the TMS system. 

4. The system of claim 2, wherein the control system includes a display that displays 
the EEG signals and allows manual control of the TMS system. 

5. The system of claim 2, wherein the TMS system generates a magnetic field and 
wherein the control system can turn off the magnetic field. 

6. The system of claim 5, wherein the control system includes a programmed 
computer. 

7. The system of claim 1 , wherein the EEG system includes a plurality of electrodes 
that are used to obtain signals from a patient. 

8. The system of claim 7, wherein the EEG system includes a plurality of amplifiers, 
each amplifier in the plurality of amplifiers being coupled to a respective electrode in the plurality 
of electrodes, and wherein each amplifier has an output that saturates during a TMS pulse and that 
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retums to normal operation within 20 milliseconds after the TMS pulse ceases. 

9. The system of claim 8, further comprising a multiplexer coupled to each output of 
5 each amplifier. 

10. The system of claim 7, wherein the electrodes are electrically conductive plastic. 

11. The system of claim 10, wherein the electrically conductive plastic electrodes 
10 include a coating of electrically conductive epoxy. 

12. An electrode system for use in electroencephalogram detection, comprising: 
an electrically conductive plastic electrode; 

a wire molded into an inner surface of the conductive plastic electrode; and 
15 a coating of conductive epoxy disposed on the iimer surface of the conductive plastic 

electrode. 

13. A method for controlling administration of transcranial magnetic stimulation to a 
patient, the method comprising the steps of: 

20 applying transcranial magnetic stimulation (TMS) to a patient; 

monitoring an electroencephalogram (EEG) of the patient during TMS using an EEG 
system that includes an amplifier that saturates during a TMS pulse and that returns to normal 
operation within 20 milliseconds after the TMS pulse is over; and 

stopping transcranial magnetic stimulation if the EEG of the patient indicates onset of a 

25 seizure. 

14. The method of claim 13, flirther comprising the step of monitoring the EEG of the 
patient and continuing applying TMS until the EEG of the patient is in a desired state. 



30 15. The method of claim 14, fiirther comprising the step of monitoring the EEG of the 

patient and continuing applying TMS until the EEG of the patient is no longer in an imdesired state. 
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